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The Raman spectrum of propane is recorded between 300 and 900 cm -1; first and third overtones are observed with an Ar+ 
laser intracavity setup. This spectrum is analyzed by means of a model with two hindered and coupled methyl rotors. Since the 
levels probed extend to the region above the torsional barrier ( V3= 1353 cm - 1), all the relevant molecular parameters, in partic­
ular the coupling between the methyl rotors, could be accurately determined. By means of a classical approach we have obtained 
further insight into the qualitative structure of the torsional spectrum.
1. Introduction
For a molecule like H3C-X-CH3, the interaction 
between the two methyl tops seems to be an elusive 
property. Both tops are equivalent and hindered in 
their rotation by a three-fold potential barrier. In 1981 
Durig [ 1 ] has discussed a number of two-top mole­
cules. Whereas the barrier height seemed to be well 
determined at that time, fine details could not be ex­
tracted due to the fact that (a) most spectra were ob­
tained for transitions between relatively low lying 
states (with respect to the barrier) and (b) strong 
correlations between certain potential parameters 
were observed for these low lying states. One of the 
molecules treated by Durig is propane [ 2 ], for which 
the barrier height is about 1300 cm-1. The mainly 
used experimental technique was Raman overtone 
spectroscopy, supplemented by some low resolution
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IR-absorption measurements. Both methods pro­
duce results without rotational structure. For our 
purposes, i.e. to determine the torsional part of the 
potential, these coarse techniques are quite useful. 
Our new asset consists of a significantly increased 
sensitivity.
For low lying states the torsional motion resembles 
a vibration around the position of one of the 3x3 
potential minima. For highly excited states, i.e. above 
the potential barrier, the character changes to that of 
hindered rotations. In fig. 1 an energy level scheme is 
shown, based upon our experimentally determined 
parameters, which will be discussed below. This 
scheme can serve for an introductory discussion as 
well.
First, we define as a torsional polyad (TP) all lev­
els with the same number of torsional quanta N, dis­
tributed as they might be over the two torsional de-
$
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Fig. 1. Energy level scheme, for levels with A symmetry, neglect­
ing tunneling splitting. The dashed line indicates the height of the 
torsional potential barrier for one top.
grees of freedom, N =v{ +v2. Polyad N consists of 
N+ 1 levels labelled by K. For the highest levels shown 
these polyads start to mix. For our purposes, how­
ever, it turns out to be a very practical classification 
scheme.
Except for trivial anharmonicity effects, the split­
tings shown in fig. 1 are mainly due to the interaction 
between the two tops. We shall call this splitting in­
teraction splitting to distinguish it from tunneling 
splitting, which cannot be deduced from fig. 1. In view 
of our limited spectral resolution with a fwhm of 
about 0.7 cm-1, the latter becomes measurable only 
for the higher levels.
Our experimental method consists of a redefine- 
ment of Dung’s measurements; to this end the gas 
sample is put at the position of a sharp intracavity 
focus of an Ar+ laser. Moreover, the sample cell is 
constructed so that one can work at elevated pres­
sures to gain Raman signal. In addition to eight AN = 2 
Raman transitions, we found with these improve­
ments six AN = 4 Raman transitions, with most of the 
final levels above the energy barrier, as indicated in
fig. 1. Note that the AN=4 transitions are about 50 
times weaker than strong AN = 2 transitions. The work 
forms a contamination of measurements on C2H6 and 
H3CCD3 published previously [3-5].
2. Experimental setup
The experimental setup has already been described 
before [6,7]. It consists of an Ar+ laser (Spectra 
Physics, model 2030-15S) from which the output 
mirror is removed and replaced by two highly reflect­
ing curved mirrors (R = 50 mm, R = 100 mm), placed 
adjustably inside the high-pressure sample cell. By 
changing from an extracavity to an intracavity setup 
we gained a factor of 80 in Raman intensity. An in- 
tracavity power of 300 W could be achieved for the 
488 nm laser line. The laser power is stabilized by 
controlling the light which leaks through the folding 
mirror (i? = 50 mm) of the cavity. This signal is fed 
back to the power supply, which controls the current 
of the discharge.
The high-pressure cell is constructed to stand pres­
sures up to 30 bar. The scattered Raman light, pro­
duced in the laser focus (waist of 2w0 = 50 |im), is 
collected under 90° with respect to the beam propa­
gation and laser polarization. The focus is imaged by 
an ƒ/ 8 lens on the entrance slit of a double mono­
chromator (Jobin-Yvon Ramanor HG2S). The four 
slits of this monochromator are all electronically ad­
justable. The measurements are performed at a reso­
lution of 0.7 cm-1 (e.g. 50 jim slitwidth) for the 
strong transitions (A N = 2 ) and 2.0 cm-1 (e.g. 200 
|im slitwidth) for the weak transitions (AN  = 4). On 
the opposite side of the focus there is a curved mir­
ror, which reflects the scattered light back to the fo­
cus. In this way we gain almost a factor of two in col­
lection efficiency.
The light is measured with a cooled EMI 9862B/ 
350 photomultiplier, which has a S20 spectral re­
sponse. The output data of the PMT is handled, via 
a photon counting system (Ortec Brookdeal 5C1), 
by an Apple He computer. This computer also con­
trols the scanning of the gratings of the double mono­
chromator. The frequency is calibrated to several Ar+ 
transitions from the discharge inside the laser tube, 
which are measured during the scan [8 ]. The accu­
racy achieved in this way is 0.3 cm-1 for the AN = 4
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transitions and 0.1 cm-1 for the strongest AN =2 
transitions.
The experiments are performed in bulk at a pres­
sure of 3 bar. For higher pressure, light scattering 
caused severe fluctuations of the power level of the 
Ar+ laser. The propane was purchased from J.T. 
Baker with a 99.5% purity. The Raman spectra are 
recorded with a scan velocity of 40 cm_1/h for the 
AN =2 transitions and 8 cm-,/h for the A/V = 4 
transitions.
3. Theoretical aspects
The molecular symmetry group of propane is 
G36^ (C 3®C3)A (C 2<g>Cs) [1,9,10], where <g> de­
notes the direct and A the semi-direct product of the 
subgroups. The character table of G36 is given by 
Bunker [9]. The Hamiltonian for the non-rotating 
(7=0) propane molecule can be written as
Ê = F (P 2a i+P2ai)+ FPaiPa2 + V(al ,a 2) ,
a , ,  a 2e[ — jc.jc) , ( 1)
with the following Fourier expansion, up to sixth or­
der, for the potential
V{au a 2)
= X [ 2 1 —cos 3ak) + \V6( 1 —cos 6ak) ]
k=\,2
+ { V+ [ 1 -cosO«! +3a 2)]
+ \ V_[ \ — cos(3a, -3a2)] . (2)
The angles and a 2 describe the torsions about the 
C-C bonds (see fig. 2). These angles are taken to be 
zero if a predetermined hydrogen atom of the top lies 
in the C-C-C plane. The momenta conjugate to the 
torsional angles are Pai = —id/dal and Pa2 — 
— i0/0a2- The parameters V3 and V6 describe the top- 
frame interaction, whereas V+ and V_ describe the 
anti-geared and geared top-top interactions. The 
coefficients F and F' are determined by the geomet- 
rical properties of the molecule only [11]. However, 
because we do not want to rely on a fixed geometry, 
these coefficients are taken to be parameters, which 
are optimized as described below, just as the poten­
tial parameters V3, V6, V+ and V_. It can be readily 
seen that the Hamiltonian given by eq. (1) is indeed 
invariant under all operations of G36.
Our notation is somewhat different from that used 
by Durig et al. [2]. The correspondence can be ex­
pressed by F=^fi2g44= if i2g5\ F '= fi2g45, V3 = 
V30 = V03, V6 = V60 = K06, F+= i(K '33-K33) and 
V_ = -i2(V'33 + V33).^
The Hamiltonian H can be separated into three 
parts:
H = H i + fi2+Hl2, (3)
where
Hk=FP ik + {V3 (1 - cos 3 a*)
+ ^K6(l- cos6a*) (k= 1,2), (4)
and
Fig. 2. Equilibrium geometry and torsional angles oi\ and oc2 for propane. Note that positive a * are defined clockwise as seen from the 
central C atom.
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Table 1
Bases of irreps of G 36
Irrep of G 36 Basis
Aj
K /2  ( 0S1T + 08S" )
( v x =  v 2 )
( v, > v 2 , V\ + v 2  even )
a 2 i V 2 < < W ! - ) ( y ,  > v 2 y  v ] + v 2 o d d )
a 3 J v / I i W + W ) { v { > v 2 ,  v x +  v 2  odd)
a 4 2 \/ ^  V *r 0 0 “ V>00 ) (  v t >  v 2 ,  V i  +  v 2  even )
E,
l> /2 ( * r a  + 0 v2" ■, >, k / 2 (0 -v!i +rx\)
( V \  =  V 2 )  
( V i > V 2 )
e 2 iv /2 (<sr!i - r n  ), [Juww-r-\ \ ) { V  i > v 2 )
e 3 <W 2,
\ y/2w r+ <nr ), +0 -Ï1-.)
( V \ = V 2 )  
( V i > V 2 )
e4 (  ^ 1  >  v  2  )
G PoT, K-\,
H n = F 'P a iPa2 + {V+[ \ — cos(3o:, 4-3as) ]
+ 5F_[ 1 — cos(3a, —3a2)} . (5)
In order to diagonalize H , we first diagonalize H k 
(single-top prob lem ) in the orthonormal basis
V3nk+ok(<Xk)= -7T-exp[i(3nk + <Tk)ak] , (6 )
V 27C
with a * = 0 , ± 1 and nk= 0 , ± 1,..., ±/?max* The use of 
ak is convenient because the basis functions for a given 
ak span the irreducible representations (irreps) P  
(ak =  0 ), T2 (ak= -  1 ) and r 3 =  T2* ( 0^ = 1 ) o f the 
subgroup C 3 o f G 36. In this way we achieve a block 
factorization o f the H am ilton ian matrix into three 
blocks. Note that the above diagonalization needs to 
be carried out only once, because H ] and H 2 have 
identical forms. Taking into account only the lowest 
i^ max eigenvectors^ vk o f the single-top problem, which 
are real, we can create an orthonormal basis (¡>va\v^  for 
the total two-top H am ilton ian  ƒ/,
K ,% (a ,,a 2)=  X
n\,ri2
X  ^3«| +«7| ( & 1 ) ^ 3«2 + C72 ( ^ 2  ) 5 (7 )
with ak =  0 , ± 1 and vk= 0 , ..., vmax — 1 (k =  1, 2 ), where
vk denotes the number of torsional quanta present in 
the Arth rotor. From these basis functions we can proj­
ect bases of the irreps of G36 (see table 1), giving 16 
blocks in the Hamiltonian matrix. Diagonalizing these 
blocks yields the eigenstates of the system. The eigen­
states can now conveniently be labelled by | z^ r >, 
where V is an irrep of G36 and v a quantum number 
labelling the different states belonging to T.
In order to obtain the relative Raman intensities 
[12], we calculate the transition matrix elements 
(vT\a\vT) between the eigenstates | ob­
tained previously. For the isotropic polarizability a 
we assume the following dependence on the torsional 
angles (the first non-vanishing terms in the Fourier 
expansion)
a oc cos 3a, -f cos 3as • (8 )
The results are compared directly to the measured 
relative intensities, thus neglecting the effect of the 
anisotropy in the polarizability. The eigenstates | vV) 
are occupied according to a Boltzmann distribution 
at T= 300 K. Because the isotropic polarizability is 
an irreducible tensor operator of rank zero (scalar) 
it belongs to the irrep A, of G36. As a consequence it 
can only induce Raman transitions between levels 
belonging to the same irrep of G36. To obtain the pa­
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rameters in the Hamiltonian (eq. ( 1 ) ) from the ex­
perimental spectrum we minimized the squared dif­
ference between the calculated frequencies i//alc and 
the experimental frequencies z^ fxp, where / corre­
sponds to the transition | vT)^> | ï'T ), considering 
the expression
T ~11/2
£  [ (  „ p ' c  _  „exp ) Wi j  2 ( 9 )
_ _  /  _
The weight factors vv, are taken to be the inverse of 
the experimental uncertainties.
The error in the parameters is determined in the 
following way. Starting from the frequencies ^/xp, we 
shift these frequencies by a random amount At within 
the experimental error range of that specific fre­
quency. With the new frequencies i^xp H-zi, a new set 
of parameters has been obtained using the above- 
mentioned minimization procedure. If this process is 
repeated a number of times the error in a certain pa­
rameter will equal the standard deviation of the val­
ues generated for that parameter.
If we consider propane as a nearly-rigid molecule 
( as in section 5 ), its molecular symmetry group would 
be G4 ^C 2®CS ~C2v. The torsional motions be­
come normal vibrations of type A2 and Bl within this 
group. The levels NK (see fig. 1 ), given by these nor­
mal vibrations, can be labelled within the group G4 
as
r„*=(
= A ,, TV even, K  odd ,
= A2, odd, K  odd ,
= B1 , A odd, K  even ,
= B2 , N  even, K  even . (10)
The reverse correlation [9] between G4 and G36 (ta­
ble 2 ) makes it easy to indicate the correlation be-
Table 2
Reverse correlation between G 4 and G 36
g4 g36
A| Aj ©Ei ©E3©G
a2 A3©E2©E3©G
B, a2©e,©e4©g
b2 a4©e2©e4©g
tween the levels NK and the eigenkets \vT}.
4. Results and discussion
In fig. 3 we show the two parts of the spectrum 
where the torsional transitions are measured. On the 
left side of fig. 3a the v9 C-C-C bending mode at 
369.6 cm-1, which is very intense compared to the 
torsional overtone transitions, causes a steep rise. In 
the frequency range 530-675 cm-1 no torsional 
overtone transitions were observed. The torsional 
transitions in fig. 3b are measured on the flank of the
Ram an shift (c m "1)
Fig. 3. Raman spectra of propane for the (a) AN =2 and (b) 
AN =4 transitions. The solid lines represent the experimental 
spectra and the dashed lines the theoretical spectra with a fwhm 
of 3.2 cm-1. In (a) the highest (lowest) experimental intensity 
corresponds with 12000 (400) counts. In (b) the corresponding 
numbers are 3200 and 2300.
86 R. Engeln et al. / Raman overtone spectroscopy of propane
vs fundamental vibration of propane. The steep rise 
on the right is caused by an isobutane impurity in the 
sample. The first calculations have been performed 
for the strongest AN = 2 transitions. The parameters 
of the Hamiltonian (eq. (1)) thus found have been 
used to predict the torsional Raman spectrum. The 
final assignment for the measured transitions and the 
differences between observed and calculated fre­
quencies are listed in table 3. For the assignment we 
use the notation NK, in which N describes the polyad 
and K one of the N+ 1 levels in the polyad (see fig. 1 
and table 4).
The transitions marked with an asterisk have not 
been used to fit the parameters of the torsional Ham­
iltonian (eq. (1)). The reason is that the observed 
peaks are composed of two or more transitions with 
different intensity; the intensities can only be esti­
mated using eq. (8 ). In the calculated spectra of figs. 
3a and 3b the corresponding peaks are the sum of the 
estimated intensities. All parameters found from this 
fit and used to calculate the torsional Raman spec­
trum are listed in table 5. The values for the kinetic 
coefficients F and F' are in reasonable agreement with 
the values of Durig et al. [2], calculated from an as­
sumed structure. Note that our F' corresponds to 
frg45 of ref. [2 ].
Fig. 4 shows equipotential curves on the potential 
surface in a x and a 2. From eq. (2) it is clear that the
Table 3
Observed and calculated frequencies, nmax =  15, vmax = 10, and intensities o f torsional Raman overtone transitions (cm -1)
Observed 
Raman shift
Observed 
intensity a)
Assignment b) Calculated 
Raman shift
Calculated
intensity
369.6(1 ) — v%cc bend — —
383.5(3) _  c) l 2- 3 2 383.23 0.46
393.4(2) 0.54 2 ,- 4 , 393.58 0.95
412.5(1) 0.48 11~*3| 412.39 1.38
423.0(1) 0.25 0 i —► 2 1 423.05 1.43
467.2(2) d) 0.65 22->44
34- 5 6
468.61 0.35
486.5(2) 1.02 1 i-»33 
23->45
487.56 0.57
506.2(1) 0.89 l 2-»34 505.62 0.82
521.2(1) 1.00 0 1 —*■ 23 521.61 1.00
686.9(3) d) 0 .64x10- ' 23->63(Ej, E3, G )
3 ,- 7 , (A 3)
3 ,- 7 2(G )
688.19 0 .45X10 - 1
693 .7 (3 )c) — — — —
702.8(3) d) 0 .15x10- ' 2| —>6 , (E 3 ) 
2i-*62(G )
703.32 0 .83x10- '
708.5(3) 0 .16X10- ' 12— ^2( H i ,  E4) 
2,-*62(E2) d)
708.21 0 .97x10- '
718.8(3) d) 0 .21X 10-' 32- 7 « (A 2) f> 
32- 7 4(A 2) f> 
32-*73( G ) f) 
23-.71(E3) f>
716.56 0.35X10- '
728.4(3) 0 .62X 10 "2 12-*52(A2, G ) 728.82 0 .34x10- '
736 .0 (5 )e) --- — — ---
748.6(3) c) — — — —
758.6(3) 0 .3 8 X 1 0 "1 11 —► 51 ( E2, E3, G  ) 758.92 0.13
a) Relative to the 0,-+23.
b) The notation is explained in section 4; if  T is not specified, the four T blocks lead to undistinguishable transitions.
c) Shoulder (see fig. 3a). d) Not used in the fit. c) Possible v9 combination band (see section 4).
f) The 7, level contains a strong admixture from the 6th polyad; therefore, this transition, which does not seem to be a AN = 4  one, is 
allowed. For the same reason, the assignment of TV becomes somewhat arbitrary for the 73 and 74 levels.
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| yl") representation for the torsional levels, with their calculated energies, nmax = 15, vmax = 10. The levels are ordered according to the 
symmetry classification of section 3
Table 4
Nk Nk
0, 10Al > 
246.37
|0E, > 
246.37
|0E3>
246.37
|0G>
246.37
52 13A2> 
1240.20
8E,>
1219.39
6E4>
1219.61
15G>
1239.39
1 . |0A3>
460.05
|0E2>
460.05
|1H3>
460.05
|1G>
460.05
53 |4A3>
1298.97
7E2>
1294.63
io e 3>
1294.63
17G>
1296.68
12 |0A2>
510.94
1 1Ei> 
510.94
|0E4>
510.94
|2G>
510.94
54 |4A2>
1333.24
10Ej>
1327.67
7E4>
1327.67
19G>
1330.51
2 , 1 lA j > 
669.42
|2E, > 
669.43
|2E3>
669.43
|3G>
669.42
5s |5A3>
1396.18
9E2>
1399.99
12E3>
1399.98
21G>
1398.24
¿2 |0A4>
705.95
|1H2>
705.97
|1E4>
705.97
|4G>
705.96
56 |5A2>
1483.87
13E, > 
1480.97
io e 4>
1483.28
24G>
1483.65
23 12A, > 
767.97
13E, > 
767.98
13E3> 
767.98
15G> 
767.97
6, |6Aj > 
1321.04
1 IE, > 
1375.57
11E3>
1370.05
18G>
1320.91
3, 1 i a 3>
872.53
12E2> 
872.38
|4E3>
872.38
|6G>
872.46
62 13A4> 
1320.78
be2>
1370.06
8E4>
1375.58
20G>
1372.73
32 |1A2>
894.35
|4Ej > 
894.05
|2E4>
894.05
17G> 
894.20
63 17Aj > 
1471.55
12E.)
1454.59
13E3>
1454.80
22G>
1456.20
33 12A3> 
946.03
|3E2>
945.81
|5E3>
945.81
|BG>
945.92
64 |4A4>
1485.28
io e 2>
1458.53
9E4>
1458.18
23G>
1476.53
34 |2A2>
1016.61
15E, > 
1016.53
13E4> 
1016.53
|9G>
1016.57
65 |8A,>
1540.67
15E.)
1535.65
15E3>
1535.57
26G>
1538.11
4, 13A| > 
1061.66
|6E,>
1063.80
16E3> 
1063.80
110G > 
1062.53
7, |6A3>
1560.73
1 ie 2>
1493.75
14E3>
1485.91
25G>
1492.86
^2 |1A4>
1068.92
|4E2>
1071.91
|4E4>
1071.91
|HG>
1070.60
72 16A2> 
1561.22
14E, > 
[489.94
h e 4>
1495.67
27G>
1560.98
43 |4A, > 
1119.19
|7Ej>
1120.77
17E3> 
1120.77
112G> 
1119.98
a) 15A4> 112E2> 
1592.69 1595.66
12E4>
1595.85
28G>
1593.71
12A4> 
1175.52
|5E2>
1176.40
|5E4>
1176.40
113G> 
1175.96
|9A,>
1603.55
16E, > 
[622.48
16E3>
1621.13
29G>
1609.59
45 |5A,>
1255.37
I9E .)
1255.95
|9E3>
1255.95
|16G>
1255.66
17A3> 
1610.32
13E2>
628.97
17E3>
1681.64
30G>
610.60
5, 13A3> 
1238.58
16E2> 
1219.00
18E3> 
1218.78
114G> 
1219.18
17A2>
1610.86 1
17Ej >
[696.59 ]
13E4>
1630.34
31G>
1627.14
a) Four more levels are calculated for every T block, but because of the polyad mixing it is no longer possible to indicate their N* character 
(first column). The last two rows contain the levels indicated as 73 and 74 in table 3.
potential is symmetric with respect to the reflections 
a ! ^  a 2 and a  j ^  — a 2, because the corresponding op­
erations belong to G36. From fig. 4 it seems that the 
potential is also symmetric with respect to the reflec­
tions a ^  — a x or a 2^  — a 2. This is only approxi­
mately so, because the corresponding operations do 
not belong to G36.
In fig. 5 four probability densities of eigenfunc­
tions of the torsional hamiltonian (eq. ( 1)) are 
drawn, superimposed on the potential surface of fig.
4. The eigenfunctions belonging to figs. 5a, 5b and 
5c, 5d have energies close to and well below V3, re­
spectively. In figs. 5c and 5d the molecule wiggles 
around the potential minimum. When the energy is
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Table 5
Torsional potential constants and kinetic coefficients (cm - 1 )
Valuea) Error Value b) Error
*3 1353 2 1323.4 9.6
V6 18.9 0.5 — -
V+ -143 2 — 154.3 c) 7.8
v_ -40.4 0.8 - 2 2 .3 c) 7.8
F 5.72 0.01 6.1021 d> —
F' -1.58 0.02 — 1.4335 d> —
a) Our result (see section 4). b )Durigeta l. [2].
c) See section 3.
d) Calculated from an assumed structure by Durig et al. [2].
a ! (in  degrees)
Fig. 4. Torsional potential for propane. The numbers indicating 
the contour lines are energy values in wavenumbers.
close to the torsional barrier, the molecule can tunnel 
through the barrier and move from one well to 
another.
The eigenfunctions are symmetric or antisymme­
tric with respect to exchange of excitation between 
rotors 1 and 2 (besides those belonging to T = G, see 
table 1). For instance, to the levels 1 j and 12 of a] = 
a2=0 (T=A3 and A2, respectively) belong with high 
accuracy to the eigenfunctions [ J l  [|10>±|0 1 >]. 
Here, \vxv2>) = 110) indicates one torsion quantum 
in rotor 1 and zero in rotor 2 (see figs. 5c and 5d). 
For higher levels the situation becomes more com­
plex, since many more states of the type \vxv2') con­
tribute to the eigenfunctions. However, for increas­
ing excitation, the lowest level of a polyad regain part 
of their simplicity, due to the anharmonicity of the 
single rotor barrier potential. For instance, the | 50) 
excitation is degenerate with the 105 > excitation, but 
not with the 141) or 132 > ones. This regained sim­
plicity is shown in figs. 5a and 5b. The 5j (A3)-level 
possesses an eigenfunction whose probability density 
shows six maxima along the a, axis; i.e. the five nodes 
of a 150) excitation are present. Fig. 5a is symmetric 
with respect to exchange a ^ a 2\ therefore, the same 
five nodes are visible along the a 2 axis. The V+ and 
V_ terms slightly distort the picture in the sense that 
both a, and a 2 being positive or negative correspond 
to a preferred situation. Fig. 5b corresponds to the 
antisymmetric case. Therefore, along the diagonal 
a, = a 2 one finds a vanishing probability. Except for 
this main change, the figures look very similar.
From fig. 1 it can be seen that the average energies 
of the torsional levels of the different polyads start to 
come closer together as the energy of the polyads ap­
proaches the barrier top. This is in accordance with 
what is found for H3CCH3 and H3CCD3 [3,4]. We 
expect the levels far above the barrier to behave like 
rotational levels.
It is also evident from ,fig. 1 that the lowest levels 
of each polyad tend to group into pairs of nearly de­
generate levels, for higher excitation. The remaining 
splitting AE determines the time, r=/?/A£, a mole­
cule needs to get the torsional excitation transferred 
from one end of the molecule to the other, if one starts 
from a situation in which one of the two rotors is ex­
cited. The higher the excitation the longer this trans­
fer time. For instance, z changes from 0.1 ps for N= 1 
to 1 ps for N=6. This transfer rate depends on the 
molecule in question. For propane, the intermediate 
CH2 group and the molecular dimensions determine 
the rate of the top-top energy transfer.
Analysis of the eigenvectors of the total Hamilto­
nian (eq. (1)) shows that the peaks at 708.5 and 
728.4 cm- 1 correspond to transitions to the levels 52; 
these 52 levels are split by 19.9 cm" 1 due to tunneling 
(table 3). Thus, tunneling effects become visible if 
the levels approach or exceed the torsional barrier. In 
our fitting program tunneling is taken into account. 
For low lying levels tunneling splitting becomes neg­
ligible compared to our resolution of about 1 cm-1.
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Fig. 5. Probability density (multiplied by 4n2) for four wavefunctions: (a) 5| (A 3), (b ) 52(A 2), (c) 1, (A 3) and (d ) 12(A 2) (solid lines), 
superimposed on the potential surface (dashed lines). The solid contour lines are equidistant in the probability density and start for all 
figures at the same value.
In the measured spectrum there are some unas­
signed features. In the following we are going to spec­
ulate about their possible origins. The fact that we 
cannot present a definite argument, in the end, does 
not affect the fit discussed as the main result of this 
paper. In addition one has to keep in mind that we 
deal with very weak Raman transitions altogether. 
Therefore, small concentrations of impurities with 
strong Raman transitions readily produce spurious 
transitions.
In our analysis we have not taken into account a
coupling between the C-C-C bending mode (A, 
symmetry) and the torsional motion. This coupling 
arises from mutual hindrance of the CH3 rotations 
which diminishes if the C-C-C bending angle opens 
up for certain positions of the CH3 tops. This cou­
pling affects only members of the polyads which (a) 
possess A, symmetry and (b) are energetically nearly 
degenerate with the v9 levels. The main candidate to 
be influenced by this coupling seems to be the 2X (A ,) 
level about 50 cm - 1 above the first excited v9 level.
If we search for effects of this kind in figs. 3a and
a t (in degrees) a i (in degrees)
a t (in degrees)
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3b, we see that the calculated transition 2 ,->6 ! at
703.3 cm-1 might show a red-shifted component, 
which could explain the observed peak at 693.7 cm-1. 
However, this transition is not of Aj symmetry and 
therefore we can disregard this idea to explain either 
of the two unassigned lines at 693.7 and 748.6 cm-1.
Coupling between the bending mode and torsional 
motion may result also in the observation of combi­
nation bands like 0i -► v9 + 2,. This hypothesis does 
not work either; torsional Raman transitions (be­
tween levels of A, symmetry) should reappear shifted 
to the blue by about 369 c m '1. Actually, a number of 
transitions has been observed shifted by nearly 369 
cm-1. Since the observed transitions are not all be­
tween levels of A, symmetry, we disregard this hy­
pothesis as well.
However, not only Fermi-resonance-like coupling 
may lead to observable combination bands. Remem­
ber that intensities for Raman transitions were de­
rived from a very simple ansatz, a = 
const. (cos 3a , + cos 3as), eq. (8 ). The constant fac­
tor in front of the bracket may be thought of as a first 
term of a series expansion. A (smaller) term propor­
tional to q9(cos 3 + cos 3a 2) will appear in that 
same series, which will produce combination tone 
transitions for each symmetry of the torsional levels 
concerned. Here, q9 stands for the normal coordinate 
of the C-C-C bending motion (A, symmetry). These 
combination bands either yield Raman signals at the 
position of hitherto unassigned Raman peaks or find 
an “excuse” like being under a strong plasma line or 
drowned in a strong background. In two cases shoul­
ders of nearby Raman transitions may indicate their 
presence. The transition at 736 cm-1 has been mea­
sured with the Ar+ 514 nm transition in order to 
avoid coincidence with the plasma line. In these mea­
surements a weak separate peak has been observed. 
As to the intensity of these combination bands, note 
that the observations concern intensities approxi­
mately a factor of 100 weaker than strong two-pho- 
ton transitions. Thus we have presented a possible 
assignment for the peaks at 693.7 and 748.6 cm-1.
As the only clearly determined impurity of our gas 
sample we identified isobutane. Gas-chromato­
graphic measurements yielded a concentration of 
about 0.1% of this impurity in propane. The Raman 
spectrum of isobutane possesses an extremely strong 
transition (v7) at 799 cm-1, which has been ob­
served on the red flank of the vs fundamental of pro­
pane at 867 cm-1. The isobutane signal was found to 
be 200 times weaker than this vs transition. In addi­
tion, a 20 times weaker isobutane signal at 433 cm“ 1 
(v8 mode). Both these observations agree with an 
isobutane concentration of 0.1-0.5%.
5. A qualitative approach to the torsional spectra
5.1. General remarks
Recently a qualitative approach to treat the po- 
lyadic rotational and vibrational spectra was pro­
posed based on the analysis of the classical Hamilto­
nian function corresponding to the effective 
Hamiltonian for a polyad [13]. It permits us to pre­
dict and to explain the main features of the polyads 
such as the existence of regular sequences of levels 
within the polyads and the quasi-degeneracies of lev­
els forming these sequences. Moreover, it permits us 
to localize the positions of these regular sequences of 
levels within polyads.
This approach also predicts that with energy in­
crease the polyads will typically undergo qualitative 
changes (rearrangements), and relates these changes 
to certain bifurcations in the corresponding classical 
problem. A well-known example of such rearrange­
ments is e.g. the transition from the normal to the 
local modes in the overtone stretching spectra of 
molecules containing several bonds.
Here we use this qualitative approach to treat the 
torsional Raman spectra of propane. In this case we 
deal with two tops and high barriers for internal ro­
tation and it is possible to neglect the effect of the 
tunneling splitting of the torsional levels below the 
barrier, which reduces the problem to the usual vi­
brational one treated in ref. [13].
5.2. Application to propane
First, we neglect tunneling and approximate the 
potential (eq. (2)) by its Taylor series around the 
potential minimum at a l = a 2= 0 , truncated at the 
fourth-order terms. This leads to a potential for two 
coupled anharmonic oscillators,
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V(a,, a 2)= a l (a i+ a j)+ a 2a ,a 2+a3(a ‘i + a 2)
+ a4(a? + a i ) a ia 2 +a5a:?a2 , (11)
where the parameters a„ are related to those in eq 
(2 ) by
a, = l(V 3+4V6 + V+ + V_ ) = 2801.7 cm-1 ,
a2= UV+-V_) 461.7 cm - 1
Û3
a4
a5
^ (K 3 + 16K6 + F+ + K_)
Ç (K +- F _) = 692.6 cm-‘
2484.0 cm - 1
27 + V_) = 1238.0 cm - 1 (12)
The numerical values correspond to the case of pro­
pane if we utilize the parameters of table 5. To sim­
plify the application of the theory we introduce new 
variables
a
a
1/4
F
oik, Pi
F
a
1/4
POik (13)
and we rewrite the truncated torsional Hamiltonian 
in the form
H
2^/Fa
H P i+PÏ+Q i+Qi) +ap i Pi +BQi Qi
+ E(QÎ + QA2) + G(Q2i +Q2)Q lQ2 + UQ2l (21,
(14)
well suited for further qualitative analysis. Here, for 
convenience’s sake, we have used the same notation 
for the coefficients as in ref. [13]. One finds:
2 F
0.138 , b = \ -  2 a*
0.082 ,
2 a, \J
1 a4
l F
2 a] yj  ai
1 a5
2 ax yJ  a,
0.020 ,
0.0056 ,
0.010 . (15)
Neglecting interaction between the torsional po- 
lyads (TPs), we construct an effective Hamiltonian 
(7/efT). The way to do this is well established. First, 
we have to rewrite expression (14) for the total 
Hamiltonian in terms of operators at, ak (k= 1,2) 
defined by
Qk = {al + ak)/yJ2, 
¿\ = i(a î- a * ) / ,/2 . (16)
The Hamiltonian thus obtained must be transformed 
using the well-known canonical transformation tech­
niques. Taking into account only the iV-conserving 
contributions from the different terms in eq. (14) we 
arrive [13] at the following expression for Hefr:
H,efT
2 jF a
H0 + ($1 + {s2)Jx +s2JJx"I"tJ^ + uJ2,
(17)
where 
Si — A + B 0.220, s 2 = 3G=0.017,
¿=£7=0.010, u=(6E-U)/2 0.065 . (18)
Jx, Jz and J  are the Schwinger pseudomomentum op­
erators defined by
Jx={a\a2+a\ax) / l ,
Jz = (a\ax-a\a2) /2 ,
J=  (a\ax +a\a2)/2 , (19)
and f i0 contains all (irrelevant) terms which are con- 
stant within TPs.
The second step consists of the construction of the 
classical limit to the problem determined by # efr- For 
our case this can be done simply by replacing the 
quantum operators of the pseudomomenta by their 
quasi-classical counterparts according to
Jx-+L cos 0 sin 6 , 
yz->L cos 0 , (20)
where, as usual, the length L=J+{  of the classical 
pseudomomentum is related to N by 7V+ 1=2L [13].
Omitting which is unimportant for our pur­
pose, we can write the expression for Hcl in the form
//cl
iJT a
($! + s2L)L cos 0 sin 0
+ tL2 cos20 sin26+ uL2 cos20 . (2 1)
As a third step we have to find all stable stationary 
points of the classical Hamiltonian function Hc] ob­
tained in the second step and to investigate their be­
haviour with increasing N. To understand our inter­
est in stationary points of Hcl it should be noted that
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in classical mechanics each stationary point (maxi­
mum and minimum) is surrounded by trajectories 
localized in its vicinity. Under certain conditions, 
regular (almost harmonic) sequences of quantum 
states corresponding to these localized trajectories 
exist. Thus the information about the stationary 
points of 7/c, gives information concerning the exis­
tence, the positions and the characteristics (e.g. 
quasidegeneracies) of the regular sequences of levels 
in polyads.
In general four types of stationary points are pos­
sible. These are listed in table 1 of ref. [13] together 
with the corresponding values of Hc]. An energy in­
crease corresponds to an increase of L or N. The 
number and the nature of the stationary points of Hc{ 
can change as L passes through certain special values. 
It is this process (called bifurcation) which is re­
sponsible for the rearrangements of the TPs with in­
creasing energy.
Using the theory developed in ref. [13] we see that 
in our case there are two bifurcation points, at L — 
L t=  1.32 and L = L* = 6.01. The second bifurcation 
point, LJ, corresponds to energy values high above 
the potential barrier and thus it has no physical 
meaning. The value Lt = 1.32 corresponds to 
7V=1.64, i.e. it corresponds to an energy lying be­
tween the second and third TP. This energy region is 
below the potential barrier and is in the domain of 
validity of Hcfr (eq. (17)). Thus, the bifurcation point 
L* has a real physical significance. Below this point 
(for L<L*) the TPs are described by the classical 
Hamiltonian function //cl with two non-degenerate 
stationary points corresponding to the top and to the 
bottom of a given TP. In this case the TPs must be of 
normal type with approximately equidistant level 
spacings at their top and bottom. For L > L* the min­
imum of Hc| splits into two degenerate minima and 
one saddle point. The appearance of two degenerate 
minima gives rise to the formation of the sequence of 
quasi-degenerate pairs of levels at the bottom of a TP. 
Note that the structure at the top of the TP does not 
change.
Thus we see that our qualitative treatment predicts 
that the higher TPs in propane will show mixed char­
acter: the bottom will be described by the local mode 
model and the top by the normal mode model. The 
lower TPs have only normal mode character. The 
transition from the normal mode to the mixed char­
acter takes place already in the third TP (see fig. 1). 
This is the first time that torsional levels have been 
approximated by an anharmonic oscillator model and 
treated with this method.
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